In the epic poem *The Lusiads* ([@r1]), the great Portuguese explorer Vasco da Gama narrates how, during his discovery voyage to the Indies, he "saw, and clearly saw, the living light" at the tip of his caravel's masts. The recount describes from experimental evidence what is known as Saint Elmo's fire to seafarers facing stormy weather. This luminous phenomenon is, with the more common lightning ([@r2]), perhaps the only other atmospheric pressure plasma found in nature.

Atmospheric pressure plasmas are a nonthermal nonequilibrium form of plasma that, as a technology, requires no chamber or complex vacuum machinery and has a considerable scientific and industrial potential. Applications in science and engineering span from analytical chemistry, material processing, environmental science, energy, medicine, biology, and low-temperature plasma physics to microelectronics and display technology ([@r3][@r4][@r5]--[@r6]). Unlike the natural counterparts, these plasmas are obtained by artificially created electromagnetic fields and tend to be nonuniform and unstable ([@r7]) without any defining morphology. In this context, miniaturizing and confining plasmas to microscales and in microcavities is considered a viable and promising approach ([@r4], [@r5], [@r7], [@r8]).

In air a high potential electric field applied between two electrodes can cause the ionization of the gas elements. The phenomenon manifests as a blue--pink luminescent cloud and is commonly known as an electrical corona. The physics and conditions for onset of this atmospheric pressure plasma are well understood ([@r9]). According to Paschen law, electric fields of ${{3 \times \, 10^{6}}\text{V}} \cdot \text{m}^{- 1}$ are sufficient to trigger a corona in dry air.

Here we report on the observation of a naturally formed, stable, unconstrained but topologically confined microscale toroidal plasma in air, at room temperature and atmospheric pressure. We demonstrate the creation of an atmospheric pressure microplasma without external electromagnetic action, through focused hydrodynamic shear. By spectroscopic, electrical, physico-chemical, and radio-frequency experimental evidence, we postulate a scenario for its formation. Our study suggests that energetic free electrons are produced by tribocharging from intense hydrodynamic shear in a wall-impinging water jet. Electron collisions with water molecules trigger the formation of charge carriers, allowing the free electrons to reach the water--gas interface and pass into the gas phase, where a plasma forms through the excitation and ionization of the gas elements. When the surrounding gas is air, the plasma cloud shapes into a topologically coherent structure characterized by a radio-frequency signature compatible with plasma resonance frequencies.

Results {#s1}
=======

Discovery. {#s2}
----------

Self-generation of a toroidal microplasma was observed in the flow field of a water microjet in air impinging upon a dielectric surface. The experimental setup consisted of a ruby nozzle with a $100 - \mu\text{m}$ orifice diameter and a nonelectric pump, using deionized and bubble-free water. Single crystal quartz (SiO~2~) and single crystal lithium niobate (Z-cut LiNbO~3~) wafers were used as the target surface, polished or fine ground. A close-up view of the impinging jet is shown in [Fig. 1*A*](#fig01){ref-type="fig"}. Further details are given in [*SI Materials and Methods*](#d35e315){ref-type="supplementary-material"}.

![Close-up views in the flow field of the impinging jet in air. (*A*) Photograph of the laminar jet in open air impinging on a polished quartz surface; the jet diameter is $85\mu\text{m}$. The transition of the impinging round jet to an expanding radial jet can be seen through the sharp jet annulus. *Inset* schematic shows the jet in the context of the experimental setup with the nozzle and the wafer support plate. (*B*) Optical access beneath the experimental setup was used to examine the visual and spectral content of the radiating light through high-resolution microscopy. This photograph, taken with a photographic sensitivity of 640 (ISO standard) and a 1/5-s exposure time, shows the luminescent structure as observed through the wafer surface with a 50× microscope objective. Water was impinging on a polished quartz surface with a velocity exceeding ${200\text{m}} \cdot \text{s}^{- 1}$. The central dark disk corresponds to the radial cross-section of the jet. (*C*) Photographs of the luminescent structures taken with a 10× objective, on a polished quartz surface for a jet velocity of ${295\text{m}} \cdot \text{s}^{- 1}$ (*Left*) and on a fine-ground LiNbO~3~ surface for a jet velocity of ${212\text{m}} \cdot \text{s}^{- 1}$ (*Right*). Streamers, resembling those of common plasma balls, are seen in *C*, *Right* as they stretch radially from the impinging site. Note that color levels of images have been enhanced by $33\%$ for better display.](pnas.1712717114fig01){#fig01}

For jet velocities above ${200\text{m}} \cdot \text{s}^{- 1}$ and impingement on a polished quartz wafer, an intriguing bright luminescent blue--pink spot appeared over the core region of the jet. An apparently similar luminous effect has been reported either in passing ([@r10]) or under different contexts ([@r11], [@r12]), yet remained unexplained.

Upon optical magnification, a prominent and rich structure appeared as a well-defined luminescent toroid around the jet core, neighbored by a dark band and followed by a cloud-like glowing region ([Fig. 1*B*](#fig01){ref-type="fig"} and [Fig. S1](#d35e315){ref-type="supplementary-material"}). The intensity of the luminescent ring was found to increase with jet velocity ([Fig. S2](#d35e315){ref-type="supplementary-material"}). When the polished surface was replaced by a fine-ground one, a dramatic change occurred in the form of a brighter inner ring and the appearance of radial streamers ([Fig. 1*C*](#fig01){ref-type="fig"} and [Fig. S3](#d35e315){ref-type="supplementary-material"}). Furthermore, the onset of luminescence was at a significantly lower velocity ($\sim {{115\text{m}} \cdot \text{s}^{- 1}}$). Despite the highly dynamic nature of these streamers, giving a visual perception of rotation and resembling the filamentary structures seen in common plasma balls ([@r13]), the central ring appeared to remain stable ([Movie S1](#d35e513){ref-type="supplementary-material"}). Luminescence was not observed when ion-rich water or conducting surfaces were used.

Optical Emission Spectroscopy. {#s3}
------------------------------

To pin down the location of the luminescence, we discharged the jet in an atmosphere of helium on the same polished quartz surface. A change in color confirmed that the light source resided in the gas phase ([Fig. 2*A*](#fig02){ref-type="fig"} and [Fig. S4](#d35e315){ref-type="supplementary-material"}). Changing to a fine-ground LiNbO~3~ surface led to similar observations to those with SiO~2~ ([Fig. S5](#d35e315){ref-type="supplementary-material"}). The confined nature of the toroidal plasma in air also changed to a diffused disk with no clear boundaries or well-defined rings.

![Optical emission spectra. (*A*) The color of the rings changes noticeably when the gas is changed from air to helium. This photograph of the luminescent spot in helium atmosphere was taken through the impinging surface of a polished quartz wafer with a 10× microscope objective. Jet velocity was ${212\text{m}} \cdot \text{s}^{- 1}$. (*B*) Luminescence spectra in air and helium on a polished quartz wafer. In air, we recognize the second positive system of N~2~. In helium, we notice the emission bands of the ^•^OH radical in the region $305$--$310\text{nm}$ (visible only on SiO~2~, for LiNbO~3~ optical transmittance starts at $\sim {320\text{nm}}$) and the first three spectral lines of the Balmer series.](pnas.1712717114fig02){#fig02}

The light spectrum for air ([Fig. 2*B*](#fig02){ref-type="fig"}) shows the strong bands of the second positive system of molecular nitrogen ([@r14]) and weaker bands of the first negative system. N~2~ is excited and ionized from its ground state ($\text{X}^{1}\Sigma_{\text{g}}^{+}$) to form $\text{N}_{2}^{\ast}$ (state $\text{C}^{3}\Pi_{\text{u}}$) and nitrogen ions ${(\text{N}_{2}^{+})}^{\ast}$ (state $\text{B}^{2}\Sigma_{\text{u}}^{+}$).The spontaneous transition to lower-energy states such as $\text{B}^{3}\Pi_{\text{g}}$ (N$$) and $\text{X}^{2}\Sigma_{\text{g}}^{+}$ ($\left. {\text{N}_{2}^{+}\text{B}}\rightarrow\text{X} \right.$) results in UV emission. These spectral features were also observed with pure nitrogen and are typical of the phenomenon known as electrical corona ([@r15]). The emission bands of the transition $\left. {\text{B}^{3}\Sigma_{\text{u}}^{-}}\rightarrow{\text{X}^{3}\Sigma_{\text{g}}^{-}} \right.$ of oxygen are also detected, although strongly shadowed by the N~2~ bands. The emission spectrum in helium gas ([Fig. 2*B*](#fig02){ref-type="fig"}) shows the bands characteristic of the $\left. {\text{A}^{2}\Sigma^{+}}\rightarrow{\text{X}^{2}\Pi} \right.$ transition of the OH-radical system ($\left. {\text{OH}\text{A}}\rightarrow\text{X} \right.$) in the region $300$--$310\text{nm}$. We also note the presence of the $\text{H-}\alpha$ ($656.3\text{nm}$), $\text{H-}\beta$ ($486.1\text{nm}$), and $\text{H-}\gamma$ ($434.1\text{nm}$) lines of the Balmer series of hydrogen.

The presence of $\left. {\text{N}_{2}^{+}\text{B}}\rightarrow\text{X} \right.$ transition bands in air and the lack of ionization lines in helium suggest that energies at play can exceed $15.58\text{eV}$ but are below $24.59\text{eV}$, respectively the ionization energies of molecular $\text{N}_{2}$ and atomic He. Finally, we verified that changing the target surface from SiO~2~ to LiNbO~3~, or from a polished to a fine-ground surface, did not affect the spectral emission pattern both in air and in helium atmospheres.

Plasma Characterization. {#s4}
------------------------

From the intensity ratio of the $\left. {\text{OH}\text{A}}\rightarrow\text{X} \right.$ rotational lines ([@r16]), we infer a helium gas plasma temperature $T_{g}$ of $2,100$--$2,{200\text{K}}$. The electron temperature $T_{e}$ and electron density $n_{e}$ in helium plasmas can be established ([@r17]) from the peak intensity ratios of the $667.8$-nm, $706.5$-nm, and $728.1\text{nm}$ spectral lines of $\text{He}\text{I}$, resulting in electron temperatures $T_{e}$ between $10$ eV and $20\text{eV}$ and electron densities between $10^{13}$ cm^-3^ and $10^{14}\text{cm}^{- 3}$. A further estimate of the electron density is obtained from the Stark broadening ([@r18]) of the $\text{H-}\alpha$ and $\text{H-}\beta$ lines of hydrogen and from specific lines of atomic He ([@r19]) ($471.3$ nm, $501.6$ nm, $667.8$ nm, and $728.1\text{nm}$). Depending upon the fitting model ([@r20]), electron densities range from $7.3 \times 10^{15}$ cm^-3^ to ${8.5 \times 10^{16}}\text{cm}^{- 3}$. The large difference between $T_{g}$ and $T_{e}$ confirms that the helium plasma is nonthermal.

In air, the largely dominant $\left. {\text{N}_{2}\text{C}}\rightarrow\text{B} \right.$ bands of the second positive system are used ([@r21]) to diagnose a plasma gas temperature $T_{g}$ in the range $1,000$--$1,{500\text{K}}$. Assuming thermal equilibrium, an electron temperature $T_{e}$ of 2.64 eV is estimated ([@r22]) from the intensity ratio of the $\left. \text{N}_{2}^{+}{(\text{B},\nu = \, 0)}\rightarrow{(\text{X},\nu = \, 0)} \right.$ and the $\left. \text{N}_{2}{(\text{C},\nu = \, 2)}\rightarrow{(\text{B},\nu = \, 5)} \right.$ transitions, respectively at $391.4$ nm and $394.3\text{nm}$. Thus, the air plasma is also a low-temperature, nonequilibrium plasma. However, estimation of the electron density from Stark broadening is not possible, for $10.2\text{eV}$ are needed to put hydrogen into its first excited state.

Finally, we also note that the line ratio between $\left. \text{N}_{2}^{+}{(\text{B},\nu = 0)}\rightarrow{(\text{X},\nu = \, 0)} \right.$ and $\left. \text{N}_{2}{(\text{C},\nu = \, 0)}\rightarrow{(\text{B},\nu = \, 0)} \right.$ or $\left. \text{N}_{2}{(\text{C},\nu = 2)}\rightarrow{(\text{B},\nu = \, 5)} \right.$ is strongly related ([@r23]) to the reduced field strength $E/n_{n}$, with $E$ being the electric field strength and $n_{n}$ the density of neutral particles. We find a mean reduced field strength of 353 Td, with Td being the Townsend unit.

Electrostatic Field. {#s5}
--------------------

It is important to appreciate that we observed the toroidal plasma without any externally imposed electric field between well-defined nodes. However, our observation of excitation and ionization spectral lines in air suggests the presence of a strong electrostatic field in the neighborhood of the jet. In fact, a high negative potential with a large dynamic range ($- 300$ V to ${+ 1},{000\text{V}}$) was found between a probe placed inside the plasma and the ground ([*SI Materials and Methods*](#d35e315){ref-type="supplementary-material"}), thus suggesting accrual of negatively charged particles therein. [Fig. 3](#fig03){ref-type="fig"} shows the potential field in the close vicinity of the jet. The electric field (arrowed lines) indicates that negative charge carriers should emanate as free electrons from the neck region of the jet, suggesting that this annular area acts as a cathode. Similarly, an anode site is plausibly located in the radial distance range of $300$--$500\mu\text{m}$.

![Potential and electric fields. We surveyed the region surrounding the toroidal plasma, using a probe at a fixed potential paired with a floating probe placed at various points in the plasma vicinity ([*SI Materials and Methods*](#d35e315){ref-type="supplementary-material"}). The potential $V$ of the interior of the plasma was determined to be consistent enough to act as a reference potential. The color plot shows the isocontour map of the potential field $V$, after interpolation of the experimental values. The electric field $E$, represented here as white arrowed lines, was calculated by spatial derivation of the interpolated potential field $V$. Within $75\mu\text{m}$ from the jet boundary where no data are available, the electric field is extrapolated to a radial distance of $50\mu\text{m}$ (dashed black arrowed lines).](pnas.1712717114fig03){#fig03}

The air plasma characterization can now be completed (see [*SI Detailed Calculations*](#d35e315){ref-type="supplementary-material"}) in terms of electron density and plasma resistivity, the latter resulting from electron collisions with ions and neutral particles. Based on the estimated mean reduced field strength ${E/n_{n}} = {\, 353\text{Td}}$ and the measured electric field strength $E \sim {{\, 10^{6}\text{V}} \cdot \text{m}^{- 1}}$ ([Fig. 3](#fig03){ref-type="fig"}), we derive a mean neutral gas density $n_{n} = {{\, 2.83 \times 10^{18}}\text{cm}^{- 3}}$. Based on the electron temperature $T_{e} = {\, 2.64\text{eV}}$ obtained from the spectroscopic analysis, the electron--ion and electron--neutral collision frequencies are found to be $\nu_{ei} = {{\, 5.09 \times 10^{11}}\text{s}^{- 1}}$ and $\nu_{en} = {{\, 6.56 \times 10^{10}}\text{s}^{- 1}}$, respectively. Therefore, electron--ion Coulomb collisions dominate over electron--neutral collisions.

The resistivity induced by the electron--ion collisions, or Spitzer resistivity, is $\eta_{s} = {{{\, 11.2 \times \, 10^{- 5}}\Omega} \cdot \text{m}}$ and contributes $89\%$ to the total plasma resistivity. The electron density $n_{e}$ is calculated to be ${1.62 \times 10^{17}}\text{cm}^{- 3}$ and the degree of plasma ionization $\alpha = {n_{i}/{({n_{n} + n_{i}})}}$ is $5.4\%$, under the assumption of quasi-neutrality whereby the ion density $n_{i}$ is similar to $n_{e}$. These findings are consistent with the observation that Coulomb collisions dominate; however, they are significantly higher than in typical corona discharges in air and more commensurate with those observed in high-pressure arcs ([@r24]) and dielectric barrier discharges ([@r25]). The electron density is also more than one order of magnitude higher than in helium. Ionization of air constituents other than $\text{N}_{2}$, associative and double-ionization reactions, and secondary electron emission mechanisms ([@r26]) are suggested causes.

Radio-Frequency Emission. {#s6}
-------------------------

Radio-frequency (RF) measurements were performed using the antenna shown in [Fig. S6](#d35e315){ref-type="supplementary-material"}. For the highly piezoelectric LiNbO~3~ ([@r27]), the RF power spectrum ([Fig. 4](#fig04){ref-type="fig"}) shows a strongly discrete content from $3$ MHz to $40\text{MHz}$ with peaks at 6.8-MHz intervals. This was observed only in the presence of ionized air gas. The peaks are absent with the lesser piezoelectric SiO~2~ or when the gas is changed to helium. We also note a broader peak at about $36\text{MHz}$, present for both substrates and dominant in air.

![RF spectra. Shown are power spectra of the RF signals, on SiO~2~ and on LiNbO~3~, concurrent with luminescence in air (blue line) and helium (red line). Jet velocity was ${255\text{m}} \cdot \text{s}^{- 1}$.](pnas.1712717114fig04){#fig04}

The interaction of electrons with the heavy and positively charged ions is known to induce plasmas to oscillate in response to charge fluctuations ([@r28]). These oscillations, or Langmuir waves, are characterized by a plasma--electron frequency and by a plasma--ion frequency ([*SI Detailed Calculations*](#d35e315){ref-type="supplementary-material"}). The latter is also the upper limit of longer-wavelength oscillations known as ion acoustic waves ([@r29]), the result of ions and electrons oscillating in phase and producing longitudinal density perturbations similar to sound waves in a gas. We conjecture ([*SI Detailed Calculations*](#d35e315){ref-type="supplementary-material"}) that the $36$-MHz peak is likely the signature of an ion acoustic wave instability with wavelength $\lambda = {118\mu\text{m}}$, a value in the scale range of the plasmoid documented here.

Finally, fluctuations in plasma shape ([@r30]) can induce oscillations distinct from the plasma--electron and plasma--ion oscillations. We suppose that the discrete peaks observed on LiNbO~3~ could originate from such plasma shape instabilities, triggered by a possible coupling with the piezoelectric modes of the material or by its pyro- and ferro-electric properties.

Physico-Chemical Characterization of Water. {#s7}
-------------------------------------------

The water was sampled at the edge of the wafer plates. In presence of the air plasma, the pH of water changed from $5.6$ to $5.2$, respectively before and after corona onset and regardless of the wafer material. This corresponds to a $2.5$-fold increase in concentration of cations $\text{H}^{+}$ from ${{2.51 \times 10^{- 6}}\text{mol}}/\text{L}$ to ${{6.31 \times 10^{- 6}}\text{mol}}/\text{L}$. At jet speeds below corona onset, the pH remained unaffected with a value close to that of the impinging water.

Air plasmas are known to produce reactive oxygen and nitrogen species ([@r3], [@r31], [@r32]), specifically nitrites $\text{NO}_{2}^{-}$ and nitrates $\text{NO}_{3}^{-}$. Assuming the existence of a source of energetic free electrons, several chemical reactions are suggested for our experiment ([Table S1 *A*--*H*](#d35e315){ref-type="supplementary-material"}) that result in the formation of $\text{N}_{2}^{+}$ and $\text{H}_{3}\text{O}^{+}$ ions; the concentration of $\text{H}_{3}\text{O}^{+}$ defines the pH level. We show ([*SI Detailed Calculations*](#d35e315){ref-type="supplementary-material"}) that the pH drops from $5.6$ to $5.17$ as a consequence of these reactions, a value in close agreement with the $5.2$ result from direct pH measurement. Therefore, the air plasma is the cause of water acidification.

At the interface ([Table S1 *I--O*](#d35e315){ref-type="supplementary-material"}), bombardment of water molecules by $\text{N}_{2}^{+}$ ions accelerated by the electric field induces a secondary mechanism whereby solvated electrons are created via a chemical tunneling reaction ([@r33]) and released into the gas phase ([*SI Detailed Calculations*](#d35e315){ref-type="supplementary-material"}). Generation of near-surface solvated electrons has been reported recently ([@r34]) with an atmospheric pressure air plasma over a water surface. This secondary pathway to electron emission is also a source of ${\text{H}^{+}/\text{H}_{3}}\text{O}^{+}$ cations, hence affecting further the pH of water, and a source of ^•^OH and ^•^H radicals. No evidence of these latter species was found, suggesting that the free electrons in the gas phase carry less than the $\sim {4\text{eV}}$ needed for the first excited state of ^•^OH. This corroborates the 2.64-eV electron energy determined from spectroscopic analysis. Finally, associative ionization of nitrogen atoms ([Table S1*B*](#d35e315){ref-type="supplementary-material"}) acts as an important source of $\text{N}_{2}^{+}$ ions and free electrons. This reaction is therefore relevant to the interface reactions and can promote both the electron density and the degree of ionization of the plasma.

In the case of the helium plasma, the water pH was found to be unaffected. However, the spectroscopic analysis revealed the presence of the OH radical and several lines of the hydrogen Balmer series ([Fig. 2*B*](#fig02){ref-type="fig"}). This suggests that the ^•^OH and ^•^H radicals and their ionic counterparts OH^−^ and $\text{H}^{+}$ originate from the dissociation of water molecules in the flowing jet or from water vapor near the gas--liquid interface ([Table S1 *P--S*](#d35e315){ref-type="supplementary-material"}). For this to occur, a bond-dissociating energy of ${493.4\text{kJ}} \cdot \text{mol}^{- 1}$ is necessary. The water natural autodissociation ([Table S1*R*](#d35e315){ref-type="supplementary-material"}) further contributes to the formation of these ionic species. As the cation $\text{H}^{+}$ bonds with $\text{H}_{2}\text{O}$ into $\text{H}_{3}\text{O}^{+}$, the latter reverses into $\text{H}_{2}\text{O}$ and $\text{H}^{+}$ and so forth, creating an acidic channel of solvated cations suitable for the transport of electrical current in water. The distinct chemical reactions for the air and for the helium plasmas are energetically congruent ([*SI Detailed Calculations*](#d35e315){ref-type="supplementary-material"}), suggesting the existence of a unique source of energetic free electrons carrying about $20\text{eV}$. We note that this estimate coincides with the electron temperature range established from optical emission spectroscopy.

Discussion and Summary {#s8}
======================

Upon these observations and analyses, we postulate a scenario for the plasma formation in air where the mechanism responsible for the electric field should be closely related to the interaction of the jet with the surface of the dielectric target. One possible candidate is a phenomenon known as streaming potential ([@r35]), which stems from the tribo-electric effect between two nonconducting materials in contact between them and put into relative motion ([@r36]).

To verify this hypothesis, we first conducted numerical simulations of the impinging jet flow ([*SI Materials and Methods*](#d35e315){ref-type="supplementary-material"}). The jet is seen to expand abruptly into a radial wall jet ([@r37]) through a sharp neck ([Fig. S7](#d35e315){ref-type="supplementary-material"}). The fluid layer then goes through an extreme thinning, reaching a thickness of $\sim {3\mu\text{m}}$ at a radius of $617\mu\text{m}$ followed by a gradual thickening. A highly concentrated region of extreme strain rate ($\sim {{5 \times 10^{8}}\text{s}^{- 1}}$) is detected at $\sim {66\mu\text{m}}$ from the jet axis and within $1\mu\text{m}$ from the wall ([Fig. 5](#fig05){ref-type="fig"}). The wall shear stress in this location reaches $\sim {0.5\text{MPa}}$. Tribo-electric charging is likely to occur in this highly frictional and concentrated area.

![Computational fluid dynamics simulation of the impinging jet flow. The color plot represents an area of ${{500\mu\text{m}} \times 5}\mu\text{m}$ and shows the strain rate, with the yellow line outlining the jet interface between liquid water and gas phase. We note the concentrated region of intense strain rate, approximately at $66\mu\text{m}$ from the jet axis and within $1\mu\text{m}$ from the wall. The cyan curve reports the radial distribution of the wall shear stress (right vertical axis), with a peak of $\sim {0.5\text{MPa}}$.](pnas.1712717114fig05){#fig05}

Silica-based materials are known to acquire a negative surface charge density when in contact with water ([@r38]). Therefore, we expect a negatively charged layer on the solid surface side balanced by a positively charged layer on the liquid side (schematic in [Fig. 6*A*](#fig06){ref-type="fig"}). As this positive layer is swept by the fast streaming flow, the narrow section of the radially expanding jet populates with positive charges eventually forming an anode site. In the high-shear region, the tribo-electric effect between deionized water and the already negatively charged dielectric surface promotes negative charge buildup. Nearest to this high-shear location and with the smallest radius of curvature of the free surface, the annular neck region has a tip-like geometry ideal for charge concentration ([@r39]), thus forming a cathode site. This anode--cathode configuration is congruent with the electric field topology shown in [Fig. 3](#fig03){ref-type="fig"}.

![The scenario for tribo-electric charging and plasma generation in air. (*A*) The schematic depicts an early instant of flow over the dielectric quartz wafer, creating a weak electrostatic field represented by the light blue lines. Also shown is the initial formation of negative charges (red symbols) at the wafer surface and of positive charges $\text{H}^{+}$ (green symbols) in water from $\text{H}_{2}\text{O}$ interaction with $\text{SiO}_{2}$. $\text{H}^{+}$ combines with $\text{H}_{2}\text{O}$ to form $\text{H}_{3}\text{O}^{+}$ ions which accumulate in the narrow region (the anode). (*B*) As the flow speed elevates, free electrons are produced through the tribo-electric effect in the high-shear region. Electron collisions dissociate $\text{H}_{2}\text{O}$, thus creating $\text{H}_{3}\text{O}^{+}$ that induce electrical conductivity in water. This allows the electrons to reach the free surface (the cathode) and pass into the gas phase. Through collisions the gas molecules are excited and/or ionized, forming the plasma. Concurrent dissociation of $\text{N}_{2}$ and $\text{O}_{2}$ triggers the formation of nitrites and nitrates in liquid water, inducing a surplus of solvated cations ${\text{H}^{+}/\text{H}_{3}}\text{O}^{+}$ and consequent water acidification. A secondary electron emission mechanism takes place at the air--water interface from $\text{N}_{2}^{+}$ ion bombardment of $\text{H}_{2}\text{O}$ molecules, whereby more cations $\text{H}_{3}\text{O}^{+}$ are introduced into water and hydrated electrons (blue symbols) are produced and released into the plasma. Electrons are represented traveling along the electric field lines toward theanode.](pnas.1712717114fig06){#fig06}

In this scenario, the free electrons stemming from the high-shear region ([Fig. 6*B*](#fig06){ref-type="fig"}) collide and dissociate water molecules in a radiolysis-type process ([@r40]), producing hydroxyl and hydrogen radicals along with their ionic variants and enabling the transport of current from the high-shear location to the free surface in the annular neck region. The free electrons pass into the air gas phase, ionizing and splitting nitrogen and oxygen molecules, thus triggering the plasma occurrence. Furthermore, ion bombardment of water molecules at the air--water interface creates hydrated electrons, which are then released into the plasma phase. This interface mechanism is intensified by associative ionization reactions introducing additional ions and electrons. As a by-product of these processes, excess ${\text{H}^{+}/\text{H}_{3}}\text{O}^{+}$ cations populate the liquid water phase in the cathode region, causing the acidification of water and eventually driving the transport of current from the substrate to the free surface. We conjecture that the buildup of cations in water inhibits the dissociation of liquid water molecules, halting the formation of hydroxyl and hydrogen radicals. Finally, hydronium cations are also transported toward the anode region where they accumulate to form and sustain the electric potential.

To complete the scenario, the free electrons surviving these events travel toward the anode through air along the electric field lines ([Fig. 6*B*](#fig06){ref-type="fig"}). Along the path, air molecules are excited and ionized through collisions in a Townsend-type avalanche process forming the air corona. A similar but weaker process occurs at the anode site, denoting the fact that the corona is negative at the cathode and positive at the anode. Evidence of intense spray generation at this location indicates that the positive charge concentration is strong enough to break up the thin liquid sheet into highly charged droplets ([@r39], [@r41]).

In the helium plasma case, dissociation of water molecules and excitation of He atoms are likely the only active mechanisms. Because the free electrons carry less than $24.59\text{eV}$, He^+^ ions are not formed, thus preventing the onset of secondary electron emission mechanisms through ion bombardment that would otherwise enhance the electron density of the plasma. The water pH is also not affected as water dissociation is electrically balanced and external sources of cations are absent.

Finally, the electrostatic field, plasma, and RF analyses congruently support the idea of a self-induced electromagnetic field as a plausible explanation for the air plasma toroidal topology. Such a condition is normally associated with a self-generated space charge field ([@r42]), which occurs when free electrons and ions permeate the plasma cloud and strongly interact, as evidenced by the electron--ion collisional rate. This situation was verified with ionized nitrogen only and is supported by a RF signature compatible with plasma oscillations. We suppose that the high electron density and high degree of ionization could also arise from ions being confined by this self-generated electromagnetic field and into a microscale volume.

We tested this scenario through electrical grounding near the core region ([*SI Materials and Methods*](#d35e315){ref-type="supplementary-material"}), thus increasing artificially the current density by injecting free electrons into the high-shear region. The test showed an increase in RF intensity and of the electric field strength. We also tested the stability and viability of the toroidal plasma, applying a $\pm {50\text{-kV}}$ potential between the wafer base and the jet nozzle tip. Surprisingly no disruption, damping, or amplification of the plasma structure was observed ([Movie S2](#d35e2975){ref-type="supplementary-material"}).

In summary, we have demonstrated the possibility to create a coherent plasma structure that is both chamberless and unconstrained by external forces, setting a unique paradigm in plasma physics. The study further shows that pure hydrodynamic shear can induce the dissociation of water molecules and the excitation and ionization of gas molecules. Another finding is the possible self-confinement of ions in the form of a toroidal microplasma, without externally applied electromagnetic fields.

This experimental study suggests the discovery of a unique platform to support new experimentation in the broad field of plasma science. The confined and chamberless nature of the plasmoid would allow one to probe the collisional state in greater detail and investigate more effectively the physics of plasma--liquid interactions ([@r31]) or of plasma scaling ([@r5]). The coupling of piezoelectric nonconductive materials with a dielectric liquid through tribo-electricity has not been reported to date. In that respect, the degree of accessibility and control offered by our coherent plasma platform can help investigate and probe the tribo-electric effect, a still not well-understood phenomenon, or the physics of solvated electrons ([@r34]). Our findings also suggest that exotic properties such as pyro-electricity ([@r43]) and ferro-electricity ([@r44]) could be explored to enhance the energy range of our plasma process and inspire new concepts of plasma devices for material processing or for the emerging field of plasma medicine ([@r45]). Our platform could also be of interest within the technological challenge of plasma self-confinement ([@r46]) or suggest pathways to create energy-storing coherent plasma structures at atmospheric pressure ([@r47]).
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